In this article, spherically symmetric thin-shell wormholes supported by a generalized Chaplygin gas are constructed and their stability under perturbations preserving the symmetry is studied. Wormholes with charge and with a cosmological constant are analyzed and the results are compared with those obtained for the original Chaplygin gas, which was considered in a previous work. For some values of the parameters, one stable configuration is also present and a new extra unstable solution is found.
Introduction
Traversable Lorentzian wormholes [1] are solutions of the equations of gravitation representing geometries which have a throat that connects two regions of the same universe or two separate universes [1, 2] . For static wormholes, the throat is a minimal area surface satisfying a flare-out condition [3] . In the context of the general relativity theory of gravitation, wormholes must be threaded by exotic matter that violates the null energy condition [1] [2] [3] [4] . The amount of exotic matter needed around the throat can be made arbitrarily small by an appropriate choice of the geometry of the wormhole [5] , although it may be at the expense of large stresses at the throat [6, 7] .
Thin-shell wormholes are mathematically constructed by cutting and pasting two manifolds [2, 8] to form a new one, which is geodesically complete and it has a shell placed in the joining surface. The exotic matter required for their existence can be located at the shell, with normal matter outside this surface. Stability studies of thin-shell wormholes under perturbations preserving the original symmetries have been carried out in several works. A linearized stability analysis of a thin-shell wormhole made by joining two Schwarzschild geometries was done in Ref. [9] . The same method was applied to wormholes constructed using branes with negative tensions [10] , and to transparent spherically symmetric thin-shells and wormholes [11] . Later, it was extended to Reissner-Nordström thin-shell wormholes [12] , and to wormholes with a cosmological constant [13] . Dynamical thin-shell wormholes were considered in Ref. [14] . The stability and energy conditions for five dimensional thin-shell wormholes with spherical symmetry in Einstein-Maxwell theory with a Gauss-Bonnet term were studied in Ref. [15] , while thin-shell wormholes in dilaton gravity were analyzed in Refs. [6, 16] . Thin-shell wormholes associated with cosmic strings have been treated in Refs. [17] . Other recent related articles can be found in Refs. [18] .
Observational data suggest an accelerated expansion of the Universe [19] , which within general relativity implies that the strong energy condition should be violated. Several models for the matter leading to this scenario have been proposed [20] . One of them is the Chaplygin gas [21] , a perfect fluid with an equation of state of the form pρ = −A, where A is a positive constant. The Chaplygin gas has the property that the squared sound velocity is always positive, even in the case of exotic matter. Although it was introduced for phenomenological reasons, not related with cosmology [22] , this equation of state can be obtained from string theory [23] . Models of exotic matter of interest in cosmology have already been considered in wormhole construction. Wormholes supported by phantom energy, with equation of state p = ωρ, where ω < −1, have been analyzed by several authors [24] . A generalized Chaplygin gas, with an equation of state pρ α = −A which has two parameters A > 0 and 0 < α ≤ 1, has been used in Ref. [25] as the exotic matter supporting a wormhole of the Morris-Thorne type [1] ; there, the wormhole metric was matched to an exterior vacuum metric to keep the exotic matter within a finite region of space. Instead, in a thin-shell wormhole the exotic matter can be restricted from the beginning to the shell located at the joining surface, as was previously done for the original Chaplygin gas (α = 1) in Ref. [26] . Recently, other authors [27] have also considered wormholes with a Chaplygin gas. The purpose of the present work is the study of spherically symmetric thin-shell wormholes with matter in the form of a generalized Chaplygin gas. In Sec. 2, the equations that give the possible radii of wormholes and determine their stability for a general class of geometries are obtained. In Secs. 3 and 4, the formalism is applied to Reissner-Nordström wormholes and to wormholes with a cosmological constant, respectively. Finally, in Sec. 5, the conclusions of this work are summarized. Units such that c = G = 1 are adopted.
General equations
We start from the spherically symmetric metric
where r > 0 is the radial coordinate, 0 ≤ θ ≤ π and 0 ≤ ϕ < 2π are the angular coordinates, h(r) is always positive and f (r) is a positive function from a given radius. We take a radius a, greater than the event horizon radius r h if the geometry (1) has any, to avoid the presence of horizons and singularities, we cut two identical copies of the region with r ≥ a:
and we paste them at the hypersurface
to create a new manifold M = M + ∪ M − . If h ′ (a) > 0 (condition of flare-out), this construction creates a geodesically complete manifold representing a wormhole with two regions connected by a throat of radius a, where the surface of minimal area is located. On this manifold it is possible to define a new radial coordinate l = ± r a 1/f (r)dr that represents the proper radial distance to the throat, which is situated at l = 0; the plus and minus signs corresponding, respectively, to M + and M − . On the wormhole throat Σ, which is a synchronous timelike hypersurface, we define coordinates ξ i = (τ, θ, ϕ), with τ the proper time on the shell. We use the Darmois-Israel formalism [28] and we let the throat radius be a function of time a(τ ). The second fundamental forms (or extrinsic curvature) associated with the two sides of the shell are given by:
where n ± γ are the unit normals (n γ n γ = 1) to Σ in M:
Adopting the orthonormal basis {eτ = e τ , eθ = a −1 e θ , eφ = (a sin θ) −1 e ϕ }, we obtain
and
where a prime and the dot represent, respectively, the derivatives with respect to r and τ . With
and introducing the surface stress-energy tensor Sî = diag(σ, pθ, pφ), where σ is the surface energy density and pθ, pφ are the transverse pressures, we have from the Einstein equations on the shell (or Lanczos equations):
The negative sign in Eq. (9) plus the flare-out condition h ′ (a) > 0 implies that σ < 0, indicating that the matter at the throat is exotic. We adopt a generalized Chaplygin gas as the exotic matter in the shell Σ. For this gas, the pressure has opposite sign to the energy density, resulting in a positive pressure. Then, the equation of state for the exotic matter at the throat can be written in the form
where A > 0 and 0 < α ≤ 1 are constants. When α = 1 the Chaplygin gas equation of state p = −A/σ is recovered. Replacing Eqs. (9) and (10) in Eq. (11), we obtain the differential equation that should be satisfied by the throat radius of thin-shell wormholes threaded by exotic matter with the equation of state of a generalized Chaplygin gas:
In particular, for static wormholes, the surface energy density and pressure are given by
From Eq. (12), the static solutions, if they exist, have a throat radius a 0 that should fulfill the equation
with the condition a 0 > r h if the original metric has an event horizon. The existence of static solutions depends on the explicit form of the function f . The method developed in Ref. [26] to study the stability of the static solutions under perturbations preserving the symmetry in the case of the Chaplygin gas is rather cumbersome to be extended to the generalized Chaplygin gas. Here we follow the standard "potential" approach (both methods were shown equivalent for the metric given by Eq. (1) in the case of a linearized equation of state [16] ). From Eqs. (9) and (10), it is easy to check the energy conservation equation:
where A = 4πh(a) is the area of the wormhole throat. In Eq. (16), the first term in the left hand side represents the internal energy change of the throat and the second the work done by the internal forces of the throat, while the right hand side represents a flux.
the flux term is zero and Eq. (16) takes the form of a simple conservation equation. This occurs when h(a) = C(a + D) 2 (C > 0 and D constants) or h(a) = C (this case is unphysical, since there is no throat) [16] . It is straightforward to see that Eq. (16) can be written in the form
which using that σ ′ =σ/ȧ gives
The pressure p is a function of σ given by the equation of state, thus Eq. (18) is a first order differential that can be recast in the form σ ′ (a) = F(a, σ(a)), for which a unique solution with a given initial condition always exists, provided that F has continuous partial derivatives. Then, Eq. (18) can be formally integrated to obtain σ(a), so replacing σ(a) in Eq. (9) and regrouping terms, the dynamics of the wormhole throat is completely determined by a single equation:
with
A Taylor expansion to second order of the potential V (a) around the static solution yields:
From Eq. (20) the first derivative of V (a) is
which using Eq. (18) takes the form
The second derivative of the potential is
From Eq. (11) we have that
, and using Eq. (18) again, we obtain
(25) Using Eqs. (13) and (14), it is not difficult to see that V (a 0 ) = V ′ (a 0 ) = 0, so the potential is
The wormhole is stable under radial perturbations if and only if V ′′ (a 0 ) > 0.
Reissner-Nordström wormholes
The Reissner-Norsdtröm geometry, which represents a spherically symmetric charged object, have metric functions
where M is the mass and Q is the charge. For 0 < |Q| < M this geometry has two horizons with radii
where the minus sign corresponds to the inner one and the plus sign to the outer event horizon. When |Q| = M the two horizons merge into one, and if |Q| > M no horizons are present and there is a naked singularity in r s = 0. If Q = 0 the Schwarzschild geometry is obtained, which has a horizon with radius r h = 2M . The thin-shell wormholes constructed from the Reissner-Norsdtröm metric consist of a charged surface of exotic matter (the throat) with an electric field in vacuum outside it. When |Q| ≤ M the throat radius a 0 should be taken greater than r h = r + so that the manifold M has no horizons. If |Q| > M the condition a 0 > 0 removes the naked singularity. By replacing Eq. (28) in Eqs. (13) and (14), the energy density and pressure at the throat are obtained:
The throat radius should satisfy the equation
If α = 1 the equation is cubic and it can be solved analytically (see Ref. [26] ) to obtain a 0 , while for other values of α it should be solved numerically. For the stability analysis of the solutions, we obtain from Eqs. (27) and (28) the second derivative of the potential, which is The case α = 1 corresponds to the Chaplygin gas studied in detail in a previous work [26] . For comparison, the results are shown in Fig. 3 . We see that 1. When 0 ≤ |Q| < 1 and |Q| is not very close to 1, for small values of AM α+1 there is always one unstable solution. The throat radius a 0 /M decreases with AM α+1 and it cuts to the horizon radius r h /M of the original manifold for a finite value of AM α+1 , so there are no solutions for large values of AM α+1 . We see that the main difference between the cases 0 < α < 1 and α = 1 is that in the former case there is an extra unstable solution for some values of the parameters.
If

Wormholes with a cosmological constant
The vacuum solution of the Einstein equations with a cosmological constant has metric functions
where M is the mass and Λ is the cosmological constant. If ΛM 2 > 1/9 the function f (r) is always negative, so we take ΛM 2 ≤ 1/9. When 0 < ΛM 2 ≤ 1/9, i.e. the Schwarzschild-de Sitter case, the geometry has two horizons, which are placed at
The event horizon radius r dS h is a continuous and increasing function of Λ, with r dS h → 2M when Λ → 0 + and r dS h = 3M when ΛM 2 = 1/9. The cosmological horizon radius r dS c is a continuous and decreasing function of Λ, with r dS c → +∞ when Λ → 0 + and r dS c = 3M when ΛM 2 = 1/9. If Λ = 0, the Schwarzschild geometry with horizon radius r S h = 2M is obtained. When Λ < 0, i.e. the Schwarzschild-anti de Sitter case, the event horizon is placed at
The horizon radius r AdS h is a continuous and increasing function of Λ, with values in the interval 0 < r h < 2M , with r AdS h = 0 when Λ → −∞ and r AdS h → 2M when Λ → 0 − . Thin-shell wormholes constructed from Eq. (34) have a throat of exotic matter and vacuum with a cosmological constant outside it. If 0 < ΛM 2 < 1/9 the wormhole throat radius should be taken in the range r dS h < a 0 < r dS c , and if ΛM 2 = 1/9 the construction of the wormhole is not possible, because r dS h = r dS c = 3M . If Λ < 0 the wormhole throat radius a 0 should be greater than r AdS h . Using Eqs. (13) and (14), we obtain that the energy density and the pressure at the throat are given by
From Eq. (15), the throat radius a 0 should satisfy the equation
When α = 1 this equation is cubic in a 0 and it can be solved analytically [26] , while for other values of α it should be solved numerically. By replacing Eq. (34) in Eq. (27), we obtain 1. If Λ > 0, for any value of AM α+1 there is always one unstable solution. The throat radius a 0 /M decreases with AM α+1 and tends to the horizon radius r dS h /M of the original manifold for large values of AM α+1 . Except for the presence of the cosmological horizon, the results are very similar to the ones obtained for the Schwarzschild wormholes (Λ = 0), which were studied in the previous section (uncharged case).
2. When Λ < 0 and |Λ|M 2 is not large, for any value of AM α+1 there is one unstable solution.
The throat radius a 0 /M decreases with AM α+1 and tends to the horizon radius r The case α = 1 corresponds to the Chaplygin gas wormholes previously studied in Ref. [26] . The results are shown in Fig. 6 for comparison. We have that 1. When Λ > 0, for small values of AM α+1 there is always one unstable solution. The throat radius a 0 /M decreases with AM α+1 and it cuts to the horizon radius r dS h /M of the original manifold for a finite value of AM α+1 , so there are no solutions for large values of AM α+1 . Again, except for the presence of the cosmological horizon, the results are very similar to the ones obtained for the Schwarzschild wormholes (Λ = 0), which were analyzed in the previous section (uncharged case).
2. If Λ < 0 and |Λ|M 2 is not large, for small values of AM α+1 there is always one unstable solution. The throat radius a 0 /M decreases with AM α+1 and it cuts to the horizon radius r AdS h /M of the original manifold for a finite value of AM α+1 , so there are no solutions for large values of AM α+1 . Figure 6 : Wormholes with a cosmological constant, supported by a Chaplygin gas (α = 1): the solid curves represent the static solutions with throat radius a 0 which are stable under radial perturbations for given parameters A, M and Λ, and the dotted curves those unstable under radial perturbations. The gray zones are unphysical, corresponding to a throat radius smaller than the horizon radius or (if Λ > 0) larger than the cosmological horizon radius of the original manifold.
3. When Λ < 0 and |Λ|M 2 is large, for small values of AM α+1 there is one unstable solution.
For intermediate values of AM α+1 there are two solutions: the larger one is unstable and the smaller one is stable. For large values of AM α+1 there are no solutions.
We can see that the main difference between the cases 0 < α < 1 and α = 1 is that in the former case there are values of the parameters for which exist one unstable additional solution for anti-de Sitter wormholes.
Conclusions
In this paper, spherically symmetric thin-shell wormholes supported by a generalized Chaplygin gas were theoretically constructed by using the usual cut and paste procedure for a general class of metrics. Such kind of fluid has received great attention in cosmology in the last few years, because it provides a possible explanation for the accelerated expansion of the Universe, and it has also been considered in previous wormhole studies. For a general class of metrics, the equation that determines the possible radii of the throat for static wormholes was obtained and the stability of the static configurations under radial perturbations was analyzed using the standard potential method. The energy density and the pressure at the throat were obtained as functions of the throat radius. Examples of wormholes made from Reissner-Nordström and Schwarzschild with a cosmological constant metrics were analyzed in detail and the results were compared with those obtained in a previous work [26] for the original Chaplygin gas. It was found that for properly chosen values of the parameters, stable solutions are also possible when the gas exponent α is smaller than 1. The main difference when 0 < α < 1 is the presence of an extra unstable solution which appears for some values of the parameters in both charged and anti-de Sitter wormholes. In the charged case it happens when the charge |Q| is slightly smaller than the mass M , while in the anti-de Sitter case for large values of |Λ|M 2 .
